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The liquid crystal to isotropic phase transition induced with 488 nm light in films of liquid
crystalline azobenzene polyesters has been studied as a function of temperature, light intensity, and
film thickness. That phase transition is associated with the photoinduced trans–cis–trans
isomerizations of azobenzene molecules and it has been found that the 488 nm light power needed
to induce the transition to the isotropic state increases when the film thickness decreases. The
irradiation with the laser beam heats the film up and this seems to be responsible for the observed
thickness dependence. Optical absorption measurements show that azobenzene aggregates present
in one of the polymers are broken down in the photoinduced phase transition. The birefringence
induced with low power 488 nm light in films before and after undergoing that photoinduced phase
transition has also been studied. Birefringence shows a faster growing rate in films which have
undergone the transition. © 2003 American Institute of Physics. @DOI: 10.1063/1.1560852#
I. INTRODUCTION
Photoinduced effects in liquid crystalline ~LC! azoben-
zene polymers have been extensively studied from both basic
and applied points of view.1–7 Irradiation with light in the
absorption bands of the azobenzenes @blue and ultraviolet
~UV! regions# induces trans–cis–trans isomerizations and
molecular reorientations. Optical dichroism and birefrin-
gence ~Dn! can be achieved using polarized light. For a given
sample the time evolution and saturation values of these
properties depend on sample temperature and light power.8,9
If this power is high enough, a phase transition from a me-
sogenic to an isotropic state can also be induced.10
Several studies have been performed on this transition in
different LC polyacrylates with azobenzene groups in the
side chain.11–13 It has been proposed that the photoinduced
transition is not associated with an increase of the sample
temperature due to the absorption of light in the film, but to
an increase of the cis concentration.3 Whereas the elongated
shape of trans isomer favors a mesogenic behavior in the
polymer the bent configuration of cis isomer disturbs the LC
phase.14 In this way, the cis concentration produced by strong
illumination in the absorption bands of trans molecules can
induce a decrease of the clearing point temperature (Tc) of
the polymer and a transition to the isotropic state can be
reached.
Although the influence of heating due to the absorption
of light can likely be neglected for low irradiation powers,15
it could be important when high power is needed to induce
the phase transition. In some experiments performed in our
group with LC azobenzene side chain polyesters, it has been
found that the light power needed to induce the transition is
strongly dependent on film thickness. Since the films used
were about 1 mm thick, it is unlikely that this dependence is
due to interactions between the polymer film and the glass
substrate. A heating of the film induced by the incident light
could be the reason for the observed thickness dependence.
To check this possibility as well as to get a deeper in-
sight into that phase transition in LC azobenzene polyesters,
we have performed a study of the photoinduced birefrin-
gence in two azobenzene polyesters (P6a4 and P6a12) un-
der illumination with linearly polarized 488 nm light from an
Ar laser. The influence of sample temperature, light intensity,
and thickness of the polymer film has been explored. The
photoinduced changes in the optical absorption of the films
as well as their optical response before and after inducing the
transition have also been studied. The results are discussed
taking into account trans and cis populations as well as mo-
lecular reorientations and the heating induced by the exciting
light.
II. EXPERIMENT
The chemical structure of the polymers P6a4 and
P6a12 used in this study is shown in Fig. 1~a!, while the
trans and cis configurations of the azo chromophore are
given in Fig. 1~b!. The synthesis and characterization of
these polymers have been published elsewhere.10,16 Molecu-
lar masses of the polymers were measured by size-exclusion
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chromatographic analysis and values of M w542 000 and
M n521 000 for P6a4 and M w595 000 and M n551 000 for
P6a12 were obtained using polystyrene calibration stan-
dards. The P6a4 polyester shows a smectic (SA) mesophase
between 45 and 59 °C, although the polymer crystallizes only
upon prolonged annealing at room temperature ~RT!.17 The
glass transition temperature (Tg) of this polymer is ;10 °C.
The polyester P6a12 has a glass transition around 20 °C and
an ordered mesophase, tentatively ascribed to a SA phase,
with a clearing temperature (Tc) of 54 . Prolonged annealing
in the mesophase range can derive in the formation of crys-
talline domains that melt at 72 °C.16
Films were produced by casting a solution of the poly-
mers in chloroform ~0.5–1.5 mg in 200 ml! onto clean glass
substrates. Thickness was measured using a DEKTAK pro-
filometer. Before performing any experiment, films were
heated up to 80 °C ~above the Tc values of both polymers!
during several minutes in order to erase any influence of the
morphology induced during the preparation process as well
as any previously photoinduced effect. Films were then fast
quenched to RT by putting them on a metallic plate.
Optical absorption measurements have been performed
in a Cary 500 Scan UV-visible near infrared spectrophotom-
eter. Linear ~vertical/horizontal! polarization of the measur-
ing beams was achieved using a Glan–Thomson prism.
Photoinduced anisotropy measurements were performed us-
ing the setup shown in Fig. 2. The sample was mounted on a
hot stage with an optical access. A 488 nm vertically polar-
ized light beam ~4 mm in diameter! from an Ar laser was
used as the pumping light source. The sample was placed
between crossed polarizers with their polarization directions
at 645° with the vertical axis. The light from a 780 nm diode
laser transmitted through the polarizer-sample-polarizer sys-
tem was measured with a Si detector as a probe of the photo-
induced anisotropy. The transmitted intensity I is given by
the equation:
I5I0 sin2~puDnud/l!,
where I0 is the intensity transmitted with parallel polarizers,
without the sample, d the film thickness, Dn the birefrin-
gence of the sample, and l the wavelength of the measuring
light ~780 nm!. In isotropic samples, no transmitted light is
expected and thus, birefringence measurements enable us to
detect the transition to an isotropic state. An optical pyrom-
eter was used to measure the temperature of the film. The
optical field of view of the pyrometer sensor head was ad-
justed to fall within the area illuminated by the Ar laser.
III. RESULTS AND DISCUSSION
The polymer films have been examined in the polariza-
tion microscope before and after irradiation with 488 nm
linearly polarized light. From now on low/high power 488
nm light means that the power was below/above the thresh-
old needed to induce the transition in that particular sample.
A detailed account of the powers used will be given when we
describe birefringence measurements.
Fast-quenched films show an isotropic microdomain
structure. The light transmitted between crossed polarizers
does not change with the film orientation indicating a ran-
dom alignment of liquid crystalline domains. After irradia-
tion with low power 488 nm linearly polarized light, a mi-
crodomain structure, similar to the one of the nonirradiated
films is observed, while optical anisotropy is induced in the
film. No light transmission is observed when the film direc-
tion corresponding to the polarization of 488 nm light is
either perpendicular or parallel to the transmission direction
of the polarizers. This behavior corresponds to the preferen-
tial orientation of the trans molecules ~through the trans–
cis–trans isomerization processes! in a plane perpendicular
to the polarization direction of 488 nm light ~see below!.
In films irradiated with high power 488 nm linearly po-
larized light, a domain structure is barely observed and the
light scattering produced by the film is drastically reduced.
Besides, no light transmission is observed between crossed
FIG. 1. ~a! Chemical structure of the polyesters P6a4 and P6a12 and ~b!
trans and cis configurations of an azobenzene moiety.
FIG. 2. Experimental setup for birefringence and film temperature measure-
ments.
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polarizers for any orientation of the film. These results indi-
cate that after high power irradiation an isotropic state has
been reached.
The polarized absorption spectrum of the films has also
been measured before and after irradiation with 488 nm lin-
early polarized light. The results are shown in Figs. 3 and 4
for P6a4 and P6a12 films, respectively. Before irradiation
with 488 nm light the azobenzene molecules are in the trans
state. The absorption spectrum shows a main absorption
band at about 370 nm and a shoulder at about 470 nm which
corresponds to the p – p* and the n – p* transitions of the
trans moiety, respectively. In the unirradiated films no differ-
ence has been found between the spectra measured with ver-
tical and horizontal polarized light, as corresponds to an iso-
tropic film.
After low power irradiation with linearly polarized 488
nm light a strong dichroism is observed in both P6a4 and
P6a12 films, in agreement with the photoinduced orientation
of trans molecules. Both, the trans and cis configuration of
the azobenzene units @see Fig. 1~b!# show an absorption band
in the 488 nm region associated with the n→p* electronic
transition.18 The dipolar moment of this transition is along
the molecular axis for the trans isomer. Since the trans form
is more stable at RT, the molecules will preferentially be in
the trans configuration before irradiation. When the film is
excited with 488 nm linearly polarized light, the trans mol-
ecules absorb it with an probability proportional to cos2 u,
where u is the angle between the molecular axis and the light
polarization direction. The excited trans molecules are partly
converted to the cis form, which can change its orientation
before coming back to the trans state. In this way a prefer-
ential orientation of the trans molecules with its axis perpen-
dicular to the polarization direction of the exciting light is
achieved.18 This accounts for the observed dichroism.
After irradiation with high power 488 nm light no di-
chroism appears. As we will discuss later on, this is consis-
tent with the photoinduced transition to an isotropic state.
However, the behavior observed is different for the two poly-
mers. In P6a12 the main band at 370 nm slightly decreases
~keeping the same form! and at the same time a small shoul-
der appears in the 450 nm region. This can be seen in the
inset of Fig. 4~a! where, for the sake of clarity, the dashed
curve has been slightly shifted downwards. The observed
FIG. 3. Optical absorption and photoinduced dichroism in P6a4 films: ~a!
~———! before irradiation with 488 nm light, ~– – –! after irradiation with
high power 488 nm light and ~b! dichroism induced with low power verti-
cally polarized 488 light: ~———! measured with vertically polarized light
and ~– – –! measured with horizontally polarized light. The inset in ~a!
shows a detailed view of the region around 450 nm.
FIG. 4. Optical absorption and photoinduced dichroism in P6a12 films: ~a!
~———! before irradiation with 488 nm light, ~– – –! after irradiation with
high power 488 nm light and ~b! dichroism induced with low power verti-
cally polarized 488 light: ~———! measured with vertically polarized light
and ~– – –! measured with horizontally polarized light. The inset in ~a!
shows a detailed view of the 450 nm region, where the ~– – –! curve has
been slightly shifted downwards for the sake of clarity.
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changes can be associated with a decrease in the concentra-
tion of trans molecules due to a partial transformation to the
cis state, which has a absorption band at 450 nm.19 However,
in P6a4 the appearance of the new shoulder at 450 nm @see
inset in Fig. 3~a!# due to cis molecules is accompanied by an
increase in the height and a narrowing of the 370 nm band.
A similar behavior has been observed by Geue et al.20
and Meier et al.21 in Langmuir–Blodgett multilayers and
spin coated films of azobenzene polymers under UV irradia-
tion. It has been associated by those authors to the breaking
down of trans aggregates. In our case these aggregates would
be present in the thermally quenched P6a4 films but not in
Pa12. It seems that the increase in length of the main chain
spacer going from P6a4 to P6a12 precludes the formation
of aggregates in the latter one. When the aggregates are bro-
ken, the concentration of nonaggregated trans molecules in-
creases and so does the height of the 370 nm band. At the
same time, the band due to the aggregates decreases and this
can account of the narrowing of the 370 nm band.
The optical absorption measurements show that depend-
ing on the power of the 488 nm light we can either produce
dichroism or induce a phase transition to an isotropic state. A
more detailed study of the photoinduced effects has been
performed by means of birefringence measurements. Bire-
fringence was induced in the P6a4 films by using different
intensities ~from 160 to 960 mW/cm2) of the 488 nm linearly
polarized light. Figure 5 shows the time evolution of Dn for
a P6a4 film 0.6 mm thick and 488 nm light powers of 480
and 640 mW/cm2. The results with powers of 160 and 320
mW/cm2 were similar to those with 480 mW/cm2, while the
ones with 640 mW/cm2 were similar to those with higher
light powers. The 488 nm light was made to fall upon the
film at t510 s. The temperature of the illuminated region of
the film has also been measured. Before irradiation film tem-
perature was set at 25 °C. Under irradiation with 480 mW/
cm2 of 488 nm light, the temperature increase ~DT! was
about 1 °C which is the resolution limit of our pyrometer. For
an incident power of 640 mW/cm2 was about 3 °C. Since
these DT values are close to our experimental accuracy, a
detailed study of the temperature evolution could not be per-
formed with P6a4 films.
It can be seen that with a power of 480 mW/cm2 or
below, Dn increases with time and reaches a saturation value.
When the incident power is 640 mW/cm2 or above, Dn
shows an initial increase and then goes back to zero with no
subsequent recovery. We associate that decrease of Dn with
the photoinduced phase transition to an isotropic phase.22
The film isotropy has been checked in a polarization micro-
scope.
The same type of experiments was performed with 0.3
and 0.1 mm thick samples. The results are similar to those in
the 0.6 mm film, the only difference being that the light
power needed to induce the transition to the isotropic phase
increases to about 1.6 W/cm2 in the 0.3 mm film and to about
3.3 W/cm2 in the 0.1 mm one. The temperatures of the films
irradiated with powers just below and above the one needed
to induce the transition were the same as those in the 0.6 mm
film within our experimental accuracy.
The higher values of light power needed to induce the
transition in thinner films than in thicker ones could, in prin-
ciple, have different explanations. On one side, the influence
of the interaction between the film and the glass substrate,
which can reduce the mobility of the molecules close to the
interface, could be more important in the thinner films than
in the thicker ones. There are many studies about the influ-
ence of substrate–film interaction on the properties of thin
polymer films.23–25 It seems that, in general, this influence is
only important for very thin films ~below 20 nm thick!. Thus
the interaction of the polymer with the substrate is unlikely
to be the reason for the observed behavior in our films.
On the other hand, although the heating due to the ab-
sorption of 488 nm light is rather small in our experiments it
could help, together with the necessary presence of cis mol-
ecules, to induce the phase transition. That being the case,
since light absorption is less in the thinner films, higher light
power will be needed to reach the same temperature in the
thinner films than in the thicker ones and thus the phase
transition will be induced with higher light power in the
thinner films.
To check the influence of a small film heating on the
transition temperature under 488 nm light illumination, we
have measured the birefringence of thin films for different
temperatures of the sample holder. It has been found that the
light power needed to induce the transition strongly de-
creases with increasing temperature. Thus, if the initial tem-
perature of the film was increased from 25 to 27 °C, the light
power needed to induce the transition in the 0.1 mm film was
reduced from 3.3 W/cm2 to about 640 mW/cm2. For an ini-
tial temperature of 30 °C or higher no permanent birefrin-
gence was induced in any of the films for light power of 160
mW/cm2 and above. These results indicate that the photoin-
duced phase transition associated with the trans–cis isomer-
ization is not directly influenced by the film thickness but by
the photoinduced film heating.
The small temperature range in which birefringence can
be induced in P6a4 films does not allow us to perform a
detailed study of the phase transition induced with 488 nm
light under different experimental conditions. We have ex-
tended our measurements to P6a12 to have a wider experi-
mental range of both temperature and light power. In this
FIG. 5. Photoinduced birefringence in a 0.6 mm P6a4 film under 480 mW/
cm2 ~———! and 640 mW/cm2 ~– – –! incident 488 light power. At t
510 s light of 488 nm is switched on until the end of the experiment. The
initial temperature of the sample was set at 25 °C.
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polymer, even for films thicker than those of P6a4, perma-
nent birefringence was induced for initial temperatures up to
35 °C.
Films of three different thicknesses ~2.1, 1.4, and 0.6
mm! have been used. With these thicknesses, which are
larger than those of P6a4 films, the possible effects of the
interaction between the glass substrate and the polymer film
would be reduced. However, the results were similar to those
in P6a4 films. This shows again that the influence of the
substrate–film interaction on the phase transition is not im-
portant in our case. Besides, the photoinduced temperature
changes were larger in these thicker films than in those of
P6a4 and thus, they could be more easily measured with our
pyrometer.
Figure 6 shows the evolution with time of both birefrin-
gence and film temperature for the 2.1 mm film under differ-
ent irradiation powers and an initial temperature of 25 °C.
With an incident power of 400 mW/cm2, Dn increases when
light is switched on, reaches a maximum value, and then
remains stable. T also increases at the beginning and then
slowly decreases to an equilibrium value slightly above the
initial one.
The Dn evolution when the incident power was 800
mW/cm2 is very close to that with 400 mW/cm2 but the
saturation value is reached in a shorter time. The evolution of
film temperature is also similar to the one with 400 mW/cm2
but the cooling of the film to its equilibrium temperature
value is faster.
With 1.2 W/cm2, Dn shows a fast increase when light is
switched on and then goes back to zero in about 20 s. T
increases at the beginning, and then slowly decreases. No
equilibrium temperature has been achieved in this case after
600 s but, even after this time, T is higher than the final one
achieved with 800 mW/cm2 power.
Finally with a power of 1.6 W/cm2 ~and up! Dn shows a
fast initial increase and then goes back to zero in few sec-
onds while T increases at the beginning and saturates after
about 50 s.
These results, as well as those in P6a4 films, can be
qualitatively understood in the following way. For low light
power the appearance of birefringence can be understood in
the same way as the dichroism in optical absorption. Both
are due to the photoinduced reorientation of the azobenzene
molecules. Besides, for these low powers, the heating of the
film as well as the cis concentration are small. As we said
above, the increase in cis concentration produces a strong
lowering of Tc but, if this lowering is not enough to reach the
actual temperature of the film, the phase transition does not
take place and a permanent birefringence is observed.
For high light power there is a first stage in which bire-
fringence is induced and temperature and cis concentration
increases. Afterwards, one has to consider the interplay
among irradiation intensity, absorption, temperature, and cis
concentration. One has also to take into account the molecu-
lar reorientations as well as the optically induced cis–trans
conversions, which change the optical absorption for linearly
FIG. 6. Photoinduced birefringence ~———! and temperature ~– – –! of a 2.1 mm film of P6a12 as a function of time at different irradiation power. At t510
s the 488 nm light is switched on until the end of the experiment. The initial temperature of the sample was set at 25 °C.
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polarized 488 nm light ~see Figs. 3 and 4!. A combination of
light induced heating due to trans and cis absorption and
lowering of Tc will eventually give place to the transition to
an isotropic phase. In this phase, temperature can be modi-
fied again due to the absorption changes associated with the
evolution of trans and cis populations.
This qualitative explanation can also account for the re-
sults corresponding to initial film temperatures higher than
25 °C in P6a4. In all the films, the Tc values under 488 nm
light irradiation with power higher than 160 mW/cm2 seem
to be below 30 °C and thus no permanent birefringence can
be achieved at this temperature and above. On the other
hand, when the initial temperature of the 0.1 mm film is set at
27 °C, the increase in temperature needed to reach Tc is
smaller than for an initial temperature of 25 °C. Conse-
quently, the phase transition can be induced with a much
lower light power in the former case ~640 mW/cm2) than in
the latter one ~3.3 W/cm2).
Finally, we want to point out that in all the P6a12 films
and for incident light power slightly below the threshold
needed to induce the transition, a more complex evolution of
Dn with irradiation time is observed. Figure 7 shows an ex-
ample of the evolution of Dn and T corresponding to the 0.6
mm film with an initial temperature of 25 °C and a light
power of 450 mW/cm2. Dn increases at the beginning and
then decreases as for higher powers. However, in this case,
Dn increases again after about 150 s and saturates as for low
power excitation. With respect to temperature, it increases at
the beginning, keeps increasing even after Dn disappears,
and then decreases again and reaches a stationary value. To
account for this complex behavior the complicate interplay
between cis/trans concentrations, optical absorption tem-
perature, and the photoinduced transition have to be taken
into account although we cannot give a detailed explanation
of it.
As for P6a4 we also tried to further check the influence
of temperature on the power needed to induce the phase tran-
sition in P6a12 films. To do that we have performed bire-
fringence measurements as a function of irradiation time
changing the initial temperature of the films. The results are
similar to those in P6a4, with a decrease of the light power
needed to induce the transition when the initial temperature
increases. This again indicates that the change in light power
needed to induce the transition in films of different thickness
is mainly due to temperature changes associated with the
absorption of 488 nm light by the films.
This has been supported by another experiment in
P6a12 films. With an initial temperature of 25 °C and a light
power of 800 mW/cm2 we have saturated the birefringence
of the three films ~2.1, 1.4, and 0.6 mm thick!. Afterwards
and keeping the same light power, the films have been heated
up in 1 °C steps until the birefringence goes back to zero
~transition to the isotropic phase!. It has been found that this
transition temperature is the same for the three films ~42 °C
in our experimental conditions! as expected if temperature is
the parameter that accounts for the observed thickness de-
pendence. This also confirms previous observations8 that no
anisotropy could be induced in P6a12 by linearly polarized
light ~in ;400 nm thick films! at 40 °C and above.
All the results reported up to now have been obtained in
films previously heated to 80 °C and fast cooled to RT. It has
been reported that the response of P6a12 films to polarized
488 nm light depends on the cooling rate from 80 °C to RT.8
Faster response has been obtained in fast quenched films.
This seems to be associated with differences in film micro-
structure.
The isotropic films obtained after the photoinduced
phase transition, likely have a different microstructure than
those obtained by fast quenching. Thus, we have investigated
the influence of this change of microstructure on the evolu-
tion of the photoinduced birefringence. Since the observed
behavior is similar for all the P6a4 and P6a12 films we
only show the results corresponding to a 2.1 mm film of the
last polymer. The evolution of birefringence and film tem-
perature under irradiation with 400 mW/cm2 of 488 nm light
have been compared in a film obtained by fast quenching and
the same film after it has undergone the photoinduced phase
transition. In both cases the temperature evolution was the
same as that in Fig. 6 ~for 400 mW/cm2). The birefringence
results are given in Fig. 8. it can be seen that the birefrin-
FIG. 7. Photoinduced birefringence ~———! and temperature ~– – –! of a
0.6 mm film of P6a12 as a function of time. The incident light power was
450 mW/cm2. At t510 s the 488 nm light is switched on until the end of the
experiment. The initial temperature of the sample was set at 25 °C.
FIG. 8. Photoinduced birefringence recorded with 400 mW/cm2 as a func-
tion of time in a 2.1 mm film of P6a12: ~———! film after thermal quench-
ing, ~– – –! film which has undergone the photoinduced phase transition. At
t510 s the 488 nm light is switched on until the end of the experiment. The
initial temperature of the sample was set at 25 °C.
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gence in the films which have undergone the photoinduced
transition, grows faster. It seems that the microstructure of
the film is modified by the transition in such a way that
molecular reorientations are more easily produced.
IV. CONCLUSIONS
A detailed study of the photoinduced effects of 488 nm
light on two azobenzene side chains LC polyesters has been
performed. By irradiation with linearly polarized 488 nm
light we have induced either an anisotropic optical behavior
~for low exciting light power! or an isotropic phase ~for high
power!. Besides, in the polymer with a shorter main chain
spacer, in which some azobenzene aggregates seem to be
present, the breaking down of these aggregates has been in-
duced with high power irradiation. The transition to the iso-
tropic phase, due to the photoinduced trans–cis isomeriza-
tion, seems to be influenced by film thickness. The thicker
the film, the lower the intensity needed to induce the transi-
tion to the isotropic phase. The increase of the film tempera-
ture due to light irradiation can account for the observed
thickness dependence. A complicated evolution of birefrin-
gence with time has been observed depending on film thick-
ness, temperature, and irradiation power.
The recording rate of birefringence is bigger in films that
have undergone the photoinduced phase transition than in
films thermally quenched from temperatures above Tc .
Changes in the microstructure of the polymer have been pro-
posed to account for these changes in the recording process.
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